Abstract: Release or escapes of aquaculture organisms may impact the genetic composition and variability of wild populations, leading to diverse issues that may compromise long-term wild stock fitness. Therefore, it is relevant to determine if farmed stocks are currently interacting with wild populations. Shrimp farming is an aquaculture activity taking place along the tropical Pacific coast of the Americas, and represents the most important culture business of Northwestern Mexico. In this study, wild and farmed whiteleg shrimp Litopenaeus vannamei from the State of Sinaloa were genetically evaluated to determine admixture levels. A newly developed set of 14 microsatellite markers (mean number of alleles per locus 11.8, and 0.836 expected heterozygosity) was obtained by Next Generation Sequencing to characterize samples. Sampling consisted of 32 wild shrimps collected during three years (2002, 2012, and 2013) and three different sites, and two hatchery stocks from 2007. No significant differences were observed among years in the wild samples, but cluster analyses showed that hatchery-produced individuals were different from wild specimens. Deviations from Hardy-Weinberg Equilibrium and genotype assignment tests indicated that a fraction from each sample could contain individuals from hatchery origin. Even though the estimated fraction of escaped farmed individuals in the most recent samples (2012)(2013); mean = 7.1 %) is considered of low genetic risk, management recommendations for hatcheries and farms were provided. Besides, the reasons that explain the intended and unintended farmed shrimp release into the wild were discussed. Rev. Biol. Trop. 66(1): 381-393. Epub 2018 March 01.
Release of aquaculture stocks (purposely or inadvertently) may modify the genetic composition and variability of wild populations, resulting in issues that may compromise long term fitness (Utter, 2003) . Potential genetic risks are an increase in the rate of inbreeding, homogenization of the genetic structure, displacement of genes adapted to local conditions, and modification of adaptability by domestication (FAO, 1993; Hallerman, Brown, & Epifanio, 2003; Miller & Kapuscinsky, 2003; Taniguchi, 2004; Habtemariam, Arias, García-Vázquez, & Borrell, 2015; Bylemans et al., 2016) .
The genetic makeup of cultivated stocks is usually different from their wild counterparts, including reduced genetic variation; this has been documented for several seafood species, including red sea bream Pagrus major (Perez-Enriquez, Takagi, & Taniguchi, 1999) , flatfishes, e.g. Hippoglossus hippoglossus and Scophthalmus maximus, (Danancher & GarciaVazquez, 2011) , cod Gadus morhua (Glover, Dahle, & Jørstad, 2011) , grooved carpet shell clam Ruditapes decussatus (Borrell et al., 2014) , and Australian blacklip Haliotis rubra and South African H. midae abalones (Evans, Bartlett, Sweijd, Cook, & Elliott, 2004) .
For the Pacific whiteleg shrimp Litopenaeus vannamei (Boone, 1931) and other farmed shrimp species, such as the kuruma and giant tiger prawns, this reduced genetic variation has also been reported (Freitas & Galetti, 2005; Perez-Enriquez, Hernández-Martínez, & Cruz, 2009; Mendoza-Cano, GrijalvaChon, Perez-Enriquez, Ramos-Paredes, & Varela-Romero, 2013; Vela-Avitúa, Montaldo, Márquez-Valdelamar, Campos-Montes, & Castillo-Juárez, 2013; Knibb et al., 2014) . Inbreeding depression that affects shrimp performance traits, including survival and susceptibility to viral infection, has also been documented (Bierne et al., 2000; Keys et al., 2004; De Donato, Manrique, Ramírez, Mayer, & Howell, 2005; Moss, Arce, Otoshi, Doyle, & Moss 2007; Goyard et al., 2008) .
Examples of the impact of farmed species on the genetic structure of wild populations come from studies in fish and mollusks. A risk assessment of Atlantic salmon indicates that many locations in Norway are at moderate or high risk of genetic introgression from farmed salmon (Taranger et al., 2015) . Examples of low introgression from marine farming have also been documented for the European seabass Dicentrarchus labrax (Brown, Miltiadou, & Tsigenopoulos, 2015) and the great scallop Pecten maximus (Morvezen et al., 2016) . Genetic impact of farming comes from introduced exotic shrimp: L. vannamei in Thailand (Senanan et al., 2007) and the giant tiger prawn in Colombia (Aguirre-Pabón, Orozco-Berdugo, & Narváez-Barandica, 2015) , interact with the native counterparts. Assessments of the genetic impact of farming on the structure of native populations are still scarce. For the giant tiger prawn Penaeus monodon, Tassanakajon, Pongsomboon, Jarayabhand, Klinbunga, and Boonsaeng (1998) and Xu et al. (2001) found no conclusive evidence of an impact of farmed shrimp on wild populations, but suggested that more data has to be obtained.
In Mexico, L. vannamei is the most important aquaculture species, and the mean annual production in 2004-2013 was 102 000 Mt (CONAPESCA, 2013) . The State of Sinaloa produces more than 50 % of national production. In 2015, the number of postlarvae sold by 34 hatcheries that operated in Mexico was about 10.5 billion (ANPLAC, 2016) . Inadvertent release of large numbers of shrimp to the wild occurs on farms with earthen ponds during harvesting, hurricanes, or from hatcheries during larvae production. However, no estimates of the number of escapees are available. Thus, the hypothesis of this study was that, due to the large aquaculture activities taking place in the State of Sinaloa, possible signs of gene introgression of farmed shrimp into the wild would be detectable. For that purpose, the temporal genetic make-up of wild white leg shrimp living along the coast of the State of Sinaloa was compared with the genetic profiles of hatcheryreared stocks.
MATERIALS AND METHODS

Sampling:
Samples of wild (2002, 2012, and 2013 ) and farmed shrimp were obtained. A total of 32 wild shrimps were collected at or near the mouth of each estuary, with 1-inch mesh throw nets, from three sites of the State of Sinaloa, Mexico: Yameto in 2002 (see Valles-Jiménez, Cruz, & Perez-Enriquez, 2005) , Bahía del Colorado in November 2012, and Teacapán in September 2013 (Fig. 1A) . The collection point at Yameto (Wild-2002) is at the estuary Bahía de Santa María (24°47ʹ57ʺ N-108°03ʹ17ʺW), 7-9 km apart of the farming area (Fig. 1B) . The Bahía del Colorado point (Wild-2012; 25°40ʹ47ʺN-109°22ʹ40ʺW) at the Lechuguilla estuary, is located 12-13 km apart from the farming area (Fig. 1C) . At the estuary of Teacapán (Wild-2013; 22°32'37" N-105°45'42" W) the nearest shrimp farm is 5 km away from the collection site (Fig. 1D) .
Farmed shrimps came from two commercial hatcheries sampled in 2007 (n = 32 each) located in the states of Sinaloa and Sonora, but both selling part of its larvae production within the State. 
Genetic analysis:
The genetic characterization of shrimp consisted in obtaining microsatellite genotypes, for which a new set of microsatellite markers was developed. The marker panel development followed a pyrosequencing strategy in a Roche 454 platform (analysis by Macrogen, Seoul, South Korea). The FASTA sequences were analyzed by a PERL code (A. Munguía-Vega, personal communication) to eliminate sequences that presented ambiguities ("Ns" present), did not contain adapters at 5′, and were duplicated. Microsatellites were searched on the remaining sequences, using the software QDD (Meglécz et al., 2010) , which implements CLUSTALW2 (Larkin et al., 2007) , BLAST (ftp://ftp.ncbi. nih.gov/blast/executables/), and PRIMER3 (Rozen & Skaletsky, 2000) in a Perl5 platform (http://www.active state.com/activeperl/). A set of 80 pairs of primers was designed for perfect di-, tri-, and tetra-nucleotides with at least seven repetitions. The primers were designed with an optimum length of 20 nucleotides (range 17-25) and a melting temperature (Tm) of 60 °C (range 58-62), with a maximum difference of 2 °C between forward and reverse.
Fourteen of the 80 microsatellites showed adequate amplifications, which were chosen to characterize the sample from Bahía del Colorado. PCR reactions were done in 12 µL containing 20 ng of genomic DNA, 1× PCR buffer, 1.5 mM MgCl 2 , 0.2 mM each dNTP, 0.3 µM each primer (forward and reverse), and 0.025 U/µL Taq DNA polymerase (Promega). All primer pairs were run in a C1000 thermal cycler, with an initial denaturation at 94 °C for 3 min, 30 cycles of denaturation at 94 °C for 35 sec, annealing at 57 °C for 40 sec, and extension at 72 °C for 40 sec, and a final extension at 72 °C for 2.5 min. Microsatellite loci were genotyped by a genetic analyzer (ABI-3130, Applied Biosystems, Foster City, CA) with forward primers tagged with fluorescence with 6-FAM, VIC, NED, or PET. Alleles were read by GeneMapper 4.0 software (Applied Biosystems) and sizes classified in bins.
Number of alleles per locus (n a ), effective number of alleles (n e ), observed (Ho) and expected heterozygosity (He), and deviation from Hardy-Weinberg equilibrium (HWE) were calculated for each microsatellite locus using Arlequin 3.5.1.3 program (Excoffier, Laval, & Schneider, 2005) ; the significance of HWE for each locus was corrected by the Bonferroni sequential method (Rice, 1989) . The possibility of null alleles in loci deviating from HWE was assessed with the Microchecker software (Van Oosterhout, Hutchinson, Wills, & Shipley, 2004) .
Allele frequencies of selected microsatellite loci were calculated to characterize wild and hatchery-reared shrimp. Temporal genetic diversity among wild samples and between pooled wild and hatchery-reared samples was compared by Student-t tests. Population differentiation was determined by global Fst and pairwise Fst by Arlequin 3.5.1.3 . Population structure was also inferred by a model-based clustering method implemented by STRUCTURE 2.3 software (Pritchard, Stephens, & Donnelly, 2000) . The model assumes the presence of K populations, each characterized by a set of allele frequencies at each locus. Individuals in the sample are assigned probabilistically to populations. The running conditions for the Markov chain were 1 000 000 chain steps and 100 000 simulations for K = 1 through 5. The best K number of populations was calculated by the Evanno method (Evanno, Regnaut, & Goudet, 2005) implemented in the STRUCTURE HARVEST-ER software (Earl & von Holdt, 2012) . A Principal Coordinates Analysis (PCoA) was used in GenAlEx 6.5 software (Peakall & Smouse, 2006 to visualize genotypic distributions, per individual and sampling site, in two dimensions. Assignment tests were done in Arlequin, GenAlEx and STRUCTURE programs to determine, based on the multilocus genotype, the most probable origin (wild or cultivated) of each individual collected in the wild. The number of shrimp from the wild samples that showed a genetic composition assigned to cultivated stocks was used to calculate the percentage of individuals of hatchery origin in the wild.
RESULTS
The genetic diversity of the panel of fourteen microsatellites was in general high, with most loci varying between 9 and 16 number of alleles per locus, and expected heterozygosity values higher than 0.75 (Table 1) . Five loci deviated from HWE (Table 1) . Eleven loci were selected for the genetic characterization of wild and hatchery-reared samples based on genotypes reading quality. Average genetic diversity (n a , n e , and He) was higher in the three wild samples than in the two hatchery-reared samples (Table 2) ; when samples were pooled into two groups (wild and hatchery-reared), the difference was statistically significant (P < 0.05). There were no significant differences in genetic diversity among wild samples, and a higher number of loci deviated from HWE in wild than in hatchery-reared samples (Table 2) . According to the analysis with Microchecker deviations from HWE at several loci, that was consistent in all populations in loci Livan13 and Livan60, are explained by the presence of null alleles and/or stutters. These two loci were not used in the further analyses. In wild samples, deviations in Livan30 were not explained by null alleles.
The hierarchical AMOVA indicated a significant differentiation among populations (global Fst = 0.059; P < 0.001), but not at the within-group level (Wild and Hatchery; P = 1.0). The lack of significance of the differences within groups (Wild and Hatchery), but significant among populations between groups are represented by pairwise Fst values (Table 3) .
The STRUCTURE analysis showed two well-differentiated groups (K = 2), coincident with wild or cultivated origin ( Fig. 2A) . The PCoA confirmed genotype configurations differences between wild and farmed stocks (Fig.  2B) . The assignment tests of individuals with wild origin to any of the two groups done with GenAlEx, STRUCTURE, and Arlequin, indicated that the genetic profile of an estimated 14.7 % of the individuals from the Wild-2002 sample might have a hatchery origin. This proportion appears lower than 10 % in Wild-2012 and Wild-2013 samples (6.9 %, and 7.3 %, respectively) ( Table 4) . 
DISCUSSION
The lack of genetic differentiation among years (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) indicated that the three locations constitute a single panmictic population. Previous work showed significant genetic differentiation over a wide geographical range from L. vannamei populations along the Eastern Pacific coast (Sunden & Davis, 1991; Valles-Jiménez et al., 2005) , but low genetic heterogeneity among lagoons at a regional level in the State of Sinaloa (Perez-Enriquez et al., unpublished data), supporting the hypothesis of a single population in the wild.
When the genetic make-up of hatcheryreared and wild populations was compared, the results of this study indicated significant differences. Based on this, it was suggested that the identification of the origin of individuals using genetic markers is possible. PerezEnriquez et al. (2009 ), Mendoza-Cano et al. (2013 ), and Vela-Avitúa et al. (2013 showed that the genetic composition of hatchery-reared stocks in Mexico is different from wild shrimp most probably due to more than 20 years of domestication and selection, since the establishment in Texas of a synthetic population from Mexico and Central America in the 80's (Perez-Enriquez et al., 2009) .
The deviations from Hardy-Weinberg equilibrium observed in both hatchery-reared and wild samples indicated that either null alleles were present in the analyzed loci and/ or one or more of the assumptions of the HWE model were not met.
In the present study, the two loci showing null alleles (Livan13, Livan60) were also recently reported of having this problem in parentage testing (Perez-Enriquez & Max-Aguilar, 2016) . It has been recognized that the presence of null alleles may influence the results of population genetic studies (Pompanon, Bonin, Bellemain, & Taberlet, 2005) . Nevertheless, the analyses done including these two loci, did not result in a different genetic structure and only a slight difference in the percentage of the assignment pattern (results not shown). This may be explained by the fact that analyses based on allele frequencies are less sensitive to genotyping errors (Pompanon et al., 2005) .
In hatchery-reared stocks non-random mating may come from a low effective population size (few broodstock) or kin-ship mating. However, because this is usually not the case in wild populations, it is hypothesized that HWE deviations observed in shrimp samples, could be explained by the Wahlund effect (see Hartl & Clark, 1997) due to population mixing (wild with farmed shrimp). In this regard, HWE deviations were also recorded in wild population samples from five coastal lagoons of Sinaloa (Perez-Enriquez et al., unpublished data). This hypothesis assumes that the genetic composition of hatchery-reared stocks in Mexico has not varied between 2002 and 2013. This is a fair assumption considering that no introductions of broodstock to Mexican hatcheries happened before August 2013 (see http://www. economia-snci.gob.mx/ tariff code 03062701 for Mexican import statistics) and that large population sizes were kept within hatcheries every generation (according to personal communication with several hatchery managers, in Mexico usually more than 1 000 broodstock are used to produce each generation). It also assumed that the genetic composition of the hatcheries D and F, studied here, represented the genetic make-up of all the commercial hatcheries, which is not necessarily true (see Vela-Avitúa et al., 2013) . From our calculations, the proportion of farmed shrimp escaped into the wild varied between 14.7 % in 2002 to an average of 7.1 % in 2012 and 2013. This decrease might be an effect of the location sampled each year (derived from differences of sampling years) or may indicate that the introgression of farm shrimp alleles into the wild has probably been limited.
Intentional or unintentional release of farm shrimp into the wild can come from farms or hatcheries, but there are no data about the number of released individuals. In fish, large numbers of farmed individuals escape every year, e.g. Atlantic salmon in Norway (Taranger et al., 2015) and European seabass in Cyprus (Brown et al., 2015) .
In shrimp, escapes may happen during tropical storms. In Northwestern Mexico, tropical storms usually occur from August through October, when shrimps are also harvested. During severe events, rainfall and/or wind may wash away shrimps from farms; in the period 2002-2013 a total of nine hurricanes passed near or through Sinaloa (Comisión Nacional del Agua, (http://smn.cna.gob.mx/index. php?option=com_content&view=article&id=3 8&Itemid=46), bringing > 60 mm in 24 h to various parts of the state; however, no information is available on the number of shrimp farms that were affected.
Intentional release from hatcheries could be a more important source of farmed shrimps in the wild. During the production season (mainly March through May) hatcheries may have huge numbers of postlarvae that are not sold. A common practice of hatchery managers is to release them, believing that those larvae will survive and benefit the wild population (J. Peiro, Acuacultura Mahr, personal communication). There are no data on the amount of larvae being released, but a rough estimate is 10% of a hatchery's production (J. Peiro, Acuacultura Mahr, personal communication), which comes to approximately 300-500 million postlarvae per year in the State of Sinaloa. An occasional contribution is the release of larvae as an obliged mitigation measure imposed to farms dredging in estuaries at the farms' water intakes. It is estimated that since 2009, 500 million larvae have been released (SEMARNAT, personal communication) .
Whether escaped shrimp survive or not is not known, but the survival rate will depend on the age, health condition and the environmental and biotic characteristics of the release area (Hamasaki & Kitada, 2006; Wang, Zhuang, Deng, & Ye, 2006) . Estimates of survival in stock enhancement programs in Japan of juvenile kuruma shrimp is 0.0-22 % (Hamasaki & Kitada, 2006) . Recapture rates of the fleshy prawn in stock enhancement programs in China varied from 0.001-2.0 % (Wang et al., 2006) .
The percentage of putatively escaped shrimp of our study, particularly in 2012 and 2013 (3-6 %) is lower than what has been estimated in escapes of the European seabass (15 %; Brown et al., 2015) and the gilthead sea bream (13 %; Šegvić-Bubić et al., 2011 ). Taranger et al. (2015 suggested that 4-10 % of Atlantic salmon is a moderate introgression risk; however, this estimate is based on the homing behavior of the species. Shrimp in Sinaloa should have a lower risk level, since there does not appear an introgression of hatchery-reared genes occurring in 2012 and 2013, because their genetic make-up is not significantly different from 2002. Nevertheless, the amount of potential introgression will be a function of one-way migration rate (Hartl & Clark, 1997) that in this case, corresponds to the proportion of hatchery-reared organisms respect to wild individuals surviving and reproducing.
The possible genetic impact of aquaculture is a concern in several parts of the world (e.g. Svåsand, Crosetti, García-Vázquez, & Verspoor, 2007; Jacq, Ødegård, Bentsen, & Gjerde, 2011; Kitada et al., 2009 ), but authors recognize a lack of information in many species and some contrasting results about the genetic effects, which depend on the biology of the species (e.g. behavior, distribution, effective population size), and the region under study. Several examples of the genetic impact of farmed fishes over wild populations were reviewed by Laikre, Schwartz, Waples, Ryman, and The GeM Working Group (2010) in terms of loss of genetic structure (e.g. coho salmon Oncorhynchus kisutch), change in genetic composition (e.g. Adriatic grayling Thymallus thymallus), and adaptation and genetic diversity (e.g. Atlantic salmon). In Japan, changes in genetic diversity or structure of populations under the influx of stock enhancement programs have been reported for the red sea bream Pagrus major (Perez-Enriquez, Takemura, Tabata, & Taniguchi, 2001; Blanco Gonzalez, Aritaki, Knutsen, & Taniguchi, 2015) . In contrast, low changes in the genetic composition caused by sea farming or supplementation activities have been reported in wild populations of Atlantic salmon (Glover et al., 2012) , the black sea bream Acanthopagrus schlegelii (Blanco Gonzalez, Nagasawa, & Umino, 2008) , and the Japanese Spanish mackerel Scomberomorus niphonius (Nakajima et al., 2014) . In any case, to what extent genetic structure modifications may impact the fitness of wild populations is a matter of discussion. According to McGinnity et al. (2003) escapees of farmed salmon may reduce the fitness of wild stocks.
In spite of the apparent low-risk levels reported here, management strategies are necessary to avoid release of farmed shrimps into the wild to decrease the probability of gene introgression. Larval release from hatcheries by hatchery managers should be discouraged or stopped; looking for alternative uses, such as food for aquarium fish or fish meal. For stock enhancement, the use of larvae from wild broodstock is recommended (Miller & Kapuscinsky, 2003) . At the farms, emergency harvests during the hurricane season could decrease shrimp losses from flooding.
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RESUMEN
Rastreo genético de camarón de cultivo (Decapoda: Penaeidae) en poblaciones silvestres de la principal región de cultivo de México. La liberación o escape de lotes de cultivo pueden impactar la composición y variabilidad genética de las poblaciones silvestres, dando lugar a diversos problemas que pueden comprometer la eficacia biológica a largo plazo. Por lo tanto, es relevante determinar si las poblaciones de cultivo se encuentran actualmente interactuando con las poblaciones silvestres. El cultivo de camarón es una actividad de acuicultura que tiene lugar a lo largo de la costa del Pacífico tropical de América, y es la más importante en el noroeste de México. En este estudio, el camarón blanco Litopenaeus vannamei silvestre y de cultivo proveniente del Estado de Sinaloa, México, fueron evaluados genéticamente para determinar los niveles de mezcla. Se desarrolló un lote de 14 marcadores microsaté-lites nuevos (número de alelos promedio por locus de 11.8 y heterocigosidad esperada promedio de 0.836), mediante secuenciación de nueva generación, para la caracterización de las muestras. El muestreo consistió en camarón silvestre recolectado durante tres años (2002, 2012 y 2013 ) y dos lotes de unidades productoras de larva del 2007. No se observaron diferencias significativas entre años en las muestras silvestres, pero el análisis de agrupamiento indicó que los lotes de las unidades productoras de larva fueron distintos a los ejemplares silvestres. Desviaciones del equilibrio de Hardy-Weinberg y los análisis de asignación de genotipos indicaron que una fracción de cada una de las muestras silvestres podría contener individuos originados del larvicultivo. Se discuten las razones que explican la liberación de camarón de cultivo intencional y no intencional al medio silvestre. Aun cuando la fracción estimada de individuos de origen de cultivo en las muestras silvestres simple way for genetic improvement in small aquaculture industries: Heterosis and inbreeding effects on growth and survival rates of the Pacific blue shrimp Penaeus (Litopenaeus) stylirostris. Aquaculture, 278, [43] [44] [45] [46] [47] [48] [49] [50] 
